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AN ELECTRONIC INDTCATOR FOR ANGUIAR VEIDGITY AND ACCERIERATION
By Richard P. Krebs

SIMKRARY

hn electroaic circuit for instantanecusly indicatiny angular
volocity and acceleration, both positive and negetive, of rotating
masses is ‘escribed; reoadinpcs are taken on elecirieal indicatine
meters. The circnit may be used in applications where surlden.
chanees In scceleration are not encountered. The instrument has
the advantars of putting almost no draz on the ratatin,: merber,.

The indieator 1s described In terns of peneral application.
A circuit diagran, calibration curves, and a mathamatical analysis
of the differantinting circuit are included. An example chowing
uge of the indleator with the four-ball wear top is included to
i1lusirate 2 gpucific appliention. In thie application, the error
in the reproducibility uf the iniications wns lese than 5 percent,

HTROT™UCT IO

A procran involvin: a rrent number of lubrication tests with
a modified Shell Development Compony foursball sear top suzgested
tiie need for a simpler anl quicker method of obtnining dats from
the machine tha that provided by tho mamufacturer. In the fwure
ball wear top the lubricant is teited hy obsarving the angular
veloeity and decelerition of a looding welrht slored dovn by fric-
tianal forsee Latworn four balle lubriatad by the oil uader tasts
Raferences 1 and 2 rive deseriptions of tasts uwith *he foureball
woar tope (Saw fipe 1 for rectional vicw nf tha macidnue) 1In the
waulacturer!s method the wgmlar v:locity an’! azeclerntiun ™rs
deteminud by countin. the cyelsa of » dirurt inkin: oscillozraph
andt by plotting 8 curvn of anmlar velocity as a fmctlon nf time.

From thiz eurvu the slopes wore =oamr o %o slve the amular acesl-
eration,

An elzctronic indientor was duvelored at the Alreraft
Rosearch Laboratory of th VACR from Fobruary to Septesher 1
tast apeatle roduces ths tioe mnd offort ruquired to obtaln theei.
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data, It can be used to show the average frecuency cf a series of . g
nearly evenly spaced elcctrical impulses, the mean frequency of e

which does not exceed 1%0 cycles per second. The circuit is so
designed that it is not affected by moderate changer in the magni-
tude and shape of the pulses. If the frequency approximates a
predescribed function of time, the indicator will also show the:
magnitude of the time derivative of frequency.

Because the indicator is not restricted in its use, it is
herelin described in terms of pgeneral application. fn example }
showing operation of the indicator with the four-hall wear top is
aleo piven to illustrate its andaptability. Caliltration curves
and a mathemstical analysis of the differentiating circuit are .
included. }

DECCRIFTION AKD APPLICATION OF T TNDIC/TOR

Description and Operation

The electronic indicatoer for angular velocity and acecleration, . v
a circuit diagrem of which is showm in fipure 2, derives its power
from the 117-volt a=c, line and uses gas-filled and vacuum tubes
of a common variety. In operation a secrien of positive voltage
pulses, proportiofal to tha speed of the rotating member under .
observation, is applied tc the prid of the thyratron V, across
the resistor ). Eerch positive pulse trips the thyratrons Vp
anl Vy, The averape current flowing throurh Vz; 13 measured by
the wiocit.,v matar ul. The voltage daveloped across Ry by -
this curreat is directly proportional to the nmumber of thyratron -
trips per unit time and ie therefore a measure of the ungular e M
velocity of the rotating member. Z2fter the voltare has been .
filtered by Ry, Cg, Mg, and Cp, it is applied to the differ=-
ertiating circuit C3 and Ryp. The voltage appeering across “12: .
within the limits to be discussed in the section Methematical
inalysis, is the time derivative of the voltago across Rg. The
differentiatnd voltage is.amplified by V), and measured as a chanmo
in tha plate cwrrent of the amplifyinp tube by the acceleration
meter Mp. A reeding less than gero on My indicates that the : e
rotating member i3 decclerating. In figure 2 the meter My 1is ; o

3t bo a lincar function
eme meter reading on
! dent of the
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mapnitude of tha velocity, as will be showmn 1n the following sac-
tion. Tf the voltage across the plate=load resistor of s thyratron
18 to be a linesr function of the number of impulses applied to the
prid, thres conditions must be fulfilleds

1. The number of grid h‘pulsu and ths mumber of plate-current
pulscs must be in a ona-to-one correspondenca.

2, The thyratron must be szlfequanching.

3, A1l plate-current juless muoct be of cqual magnitude rezard-
less of the naturo or fraquency of the grid impulsaes,

In order that these three conditions be fulfilled over the range
of speods that the indicator was called upon to meamre (0 to

150 (mlses per sec), two thyratrons wers necassary. The first
thyratron YV, is self-quenching for nearly any shaped pulse and
transrits a positive voltage of 2lrost constant magnitude to the
second thyratron V3 even though the initinting pulses may vary
somevhat in size and shapa. The second thyratron V3 provides a
plate current linear with the frequency of the impulses applied to
its md- 1

The two voltagaw-repulator tubes Vg and V6 provide constant
voltage for tne second thyrstron V; and the anplifying tube V).

Thesa tuber ald materially in renderine the velocity seale linear
and in me=king the acceleraticn reading independent of the velocity.

*
Application

From the precedins disci2zion it can be reen that the source
of the positive pulses praportional to the wvelocity of the rotating
member and apoulied acro=s Ry 1= immaterial. The pulses may be
obtainad, for example, from n hallery in reries with a contnctor
attacked to the rotating member, frum a magm:ts, or frem an
alternating-current generator driven hy the rotating member.

Anotner means of geoneratines sositive pulses can be obtained
by cubjectirz a photcelectric cell to light pulses from a mirrer
rotatiny with the nember under consideratiom. (See fip. 3.) This
uethod, which is the ons usged in the appllication described nerein,
has the aiztinctive advantage of plscing aluoct no additional drag
o the mexber in order to securs tiie desired voltape pulses.
Inother intcresting application of this sd3e method iz used with
the Domnier Air log described in ref 3.

.,

o
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MATHSMATICAL ANALYSIS . L
In the circiit used for the instrument the mechaniecal inertia -"'.‘
of the velocity meter is the only Zactor that limite the indication
of rapid changes in sngular velocity. However, the differentiasting
circuit was deeigned to give the time rate of change of a voltage
varying in a manner described by the following equations ,
ocwkrmk voont.0bt2) (1) - =
wherc
e instantanecus voltepe across Ry
v instantaneous velocity
A/ initial vclocity
t tine ‘e
a, b, k ‘constanta .
The voltagr e can be differcntisted by 1 series resistor— -
condenser cothination (gce veference L) ag sho'm by the following .
*nalysisy
let A =
R cories recistor across which tae difforantiated voltape
will appear
c series condinser e
. b LY

i currant througn # and C .,
Then -

u-m+%fld'.-k@°~ntobt2) )
Men t = 0, tne velocity it constant ad the woltage on the
condenrsr is equal to kvge The solition or agustion (2) is .

- -

1= ke [. e 2b (t = AC) = (a = 2RCH) c"‘/m] (3)
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Mol (- H/%e )
dt RC
The woltage iR and hence the current {1 should be propor= A
tionnl to the time derivative of the applied voltage. Any depsrture i
from this proporticmlit.y muat be considered an errof in the differ- s
entinting cireuit. This error may be computed as followss i "
Fron equatlion (2) )
.00 3% () e ' i
c 3t dt Py Srop—.
Plviding by de/dt .
'16 n‘-;% 2
FORT © P S
t dat
di/dt
from equation (4) it is clear that the exprecsion R;:—d-; repre- -
cents the fractiorail error in assuming thal i is proporttcml to
def/dt. ™t froa eqation (5) -
R% 8 |
2L — (7 .
de 1 y -
—— 4 cm—— N LW
4t R \.—E
at |
|
Sybstitutine the expressions of equation” (3) and (L) into the ! ’ e
rlent=iand member of eqation (7 i 2 R——
t/8C i s
W - cy € %,
percentags crror = mag » (3 - 230) € x 120 (?)
a + bt ;
In the mirmuib used the time econstant. =G was 1 second. In
order *hat the percentags error be gaall, b muet be sanll dn
conparison with 1, and 't must be about five times AC. If the !
velocity ie in the form given in equation {1), if the acceleration |
chenees slowly with: time, ang 1f scceleration readings are not : P -~ ~
taken until after besn in progress - for at I e
g, AC readings oo be ot-tained. ' y “
""\ I ':__ ———

ieagt © s2coM
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By a sinilar analysis it can te shown that the circuit is
sultable for indiceting accoleration if the velocity can bo rep-
resented by the following equation:

L !.‘.-n cogyt (9)

provided ROw, 1s smnll in comparison with 1, In this particular

circuit RC 1s equal to 1 and G, must therefore be small in
comparison with 1,

In order that the mesgurement of the derivative of the voltage
doveloped across Re be indicative of the deceleration, 2 linear
rolation must oxist bdetween the velocity and the veltage. To

illustirate: i

Ir
v = £(e)
then
Acceloration = g - ( %) (-i%) (10)

Tn order that de/dt, the quantity measured, be proportiomal te
dv/dt, af/de must bo & comstant, A linear relation betwoen the
voltage and the velecity nmust oxiast Zor 4f/de to be a constant,

OPZRATION WITH FOUR-BALL WEAR TOP

The operation of the indicater with the modified feir-ball
wvear top is relatively simple, The dsuble-pele, single-throw
svitch 8, (shown in fig. 2 as slu and slb) is open and the
three-pole, two-pesition switch S (shown in fig. 2 as Sza,
Sp,, and S,‘c) is clesed wken the unit is plugged into the

117-volt a-0, lire. The 1lizkit system is then so adjusted that
tle photosell is flooded with light when the mirror is in a favor-
ablo position. After tho optical adjustment has been made, the
light source is teporarily shut off, Switch S; 1s then closed,
Aftor the indicator has had sevoral minutes to varm up, ewitch

is opened and the motor Mz is adjstod to zero by means of the
variable rosistor Ry,. Svitch Sp is thon closed, the light

source is turned on, and the rotating member is trought up to
specd




TFACA RY Fo. 2121

The sensitivity control i:k ie advanced from an extreme
negative position only sufficlently to give a steady reading on
the velocity meter K;. The driving torque is next removed from
the rotating member and switch 83 is opened. (Switeh &, had
baen left closed so that the condenser Cg might charge more
quickly throuch Ry; than through the sum of Rgs, Rjp. and
Rype) After the snort initial time period, when the error is
high, the anmular velocity and deceleration of the rotating member
are given by meters My and My, respectively.

During the series of lubrication tests that followed the
devealopment of this instrument, itz re.roducidbility was frequently
checkeds The velocity indications could be reproduced to the *.
1limit of the meter scale, that is, about O.i percent of full scale,
The acceloration meter was not so reproducible, The readings
varied as much 38 § percent between different runs at the same
deceleration.

Use of the indicator greatly reduced the time required to
obtain data with the foure-hall wear tops By means of the electronic
indicator,dats for a single run could be prepared and plotted in
20 minutes; whereas 8 hours wers required previously,

CALIBRATICN OF YETERS

The jnstramenit can be c2librated by connecting s variable-
frequency oscillator to Ry through 9 rmall coupling condensers
At this time Ry, +7ounted inside tne chassis, should be ro asdjusted
for proper biar on thyratror V3 that it tripe cach time the thy-
ratron V3 1is fired by the cscillator. The variable resietor Rg ,,.‘
need not be readjusted until new tubes are inatalled. The velority
meter ir calibrated when a plot of meter readine as a function of
frequency hes bheen madz, as shom in fizure s, This relationship
mict b a straiznt line.

J7 acceleration metar s my ba calibrated by meking a
tyi-innl test rune Ac the rotating m:mboer chanres its speud, reade’
incs of the two metars are taken at definite time intervals. By
maans of fipure ) the readings of Iy ars converted into anpulare
velocity values and a curve of velocity as a function of tine is .
plottcd. Figure © shows thras curves taken with tnc four-ball ’
wear top with thre. different loading weights, The negative accel-
crations were rraghically detormined for eaca time an acceleration-
mitsr roadine was recordeds These hy readings were then plotted |
azainst the ~raphically computed accelzrations. 2 celibration of-
the acc-loration acter e showr in firurs 6e
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CORCLUDING REMARKS

ving
‘Preparing and plotting the data for
a single mn is sbout 20 minutess In a number of test runs with
* the four-ball woar top the instrument readinge were ruproducible

to Ok percent of full seale on tha veloeity indieator and to
25 percent on the acceleratinon meter.

Alreraft Engine Research Laboratory,

Rational Advisory Committee for Asronmtics,
Clevelsnd, Ohio,
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